Electronic, magnetic structure and water splitting reactivity of the iron-sulfur dimers and their hexacarbonyl complexes: A density functional study J. Chem. Phys. 141, 044307 (2014) We investigate the modification of electronic properties of single cobalt phthalocyanine (CoPc) molecule by an extra Co atom co-adsorbed on Au (111) surface using scanning tunneling microscopy (STM), joint with density functional theory (DFT) calculations. By manipulating CoPc molecules using the STM tip to contact individually adsorbed Co atom, two types of relatively stable complexes can be formed, denoted as CoPc-Co() and CoPc-Co(). In CoPc-Co(), the Co atom is at an intramolecular site close to aza-N atom of CoPc, which induces significant modifications of the electronic states of CoPc, such as energy shifts and splitting of nonlocal molecular orbitals. However, in CoPc-Co() where the Co atom is underneath a benzene lobe of CoPc, it only slightly modifies the electronic states of CoPc, and mainly local characteristics of specific molecular orbitals are affected, even though CoPc-Co() is more stable than CoPc-Co(). Our DFT calculations give consistent results with the experiments, and related analyses based on the molecular orbital theory reveal mechanism behind the experimental observations. C 2015 AIP Publishing LLC.
I. INTRODUCTION
Functional molecules are promising candidates that can be utilized as miniaturized electronic devices. [1] [2] [3] [4] Before molecular electronics becomes reality, there are many barriers to overcome. One of the fundamental challenges is to understand and control the electronic properties of molecules at electrode surfaces, since the performances of molecules and related devices are significantly affected by electrodes [5] [6] [7] [8] and even by local arrangements of additional metal atoms. [9] [10] [11] [12] [13] The occurrence of extra atoms in the vicinity of or bonded to an adsorbed molecule will lead to the energy shifts of molecular orbitals (MOs) because of the interactions between the molecule and the introduced metal atoms. [9] [10] [11] [12] [13] [14] [15] Introducing extra metal atoms can even result in the change of electronic states at an intramolecular site away from the metal atoms. 12, 15 Such nonlocal change of electronic states can be used in the molecule-based functional electronic devices. For instance, it was demonstrated that classical inputs carried by metal atom can be converted into quantum information through a threefold symmetric trinaphthylene molecule with two ends in contact with metal atoms, which performs as a single molecule NOR logic gate. 16 Metal phthalocyanine (MPc, M denotes a metal atom) molecules have been widely studied due to their abundant functional properties. 3, 5, 7, 11, 12, [17] [18] [19] It was observed that CuPc and NiPc may host several Li or K atoms, and as a result, the electronic and spin states of the MPc molecules are modified in the complexes. 12 Here, we demonstrate that putting an extra Co atom at nonequivalent intramolecular sites can cause the change of nonlocal MOs, showing switching a) Authors to whom correspondence should be addressed. Electronic addresses: libin@mail.ustc.edu.cn. and bwang@ustc.edu.cn.
behavior of electronic states of single molecule, which could be attributed to the different interactions between d orbitals of Co and π orbitals of MPc due to the presence of Co at different intramolecular sites.
In this paper, we investigate the electronic states of single cobalt phthalocyanine (CoPc) molecule adsorbed on Au (111) surface by putting an extra Co atom at different intramolecular sites using scanning tunneling microscopy (STM). Two favored adsorption sites of the extra Co atom upon the CoPc molecule are found: one site is beneath the benzene lobe and the other is near the aza-N atom between the benzene lobes with less stability than the former. dI/dV spectra and maps reveal that the Co atom adsorbed beneath the benzene lobe has just slight influence on the electronic states of CoPc and mainly the local characteristics are affected, while the Co atom adsorbed near the aza-N atom significantly affects the electronic states of CoPc at both the energy and spatial scales. With help of density functional theory (DFT) calculations, we have analyzed the details of interactions between the extra Co atom and the CoPc molecule, especially the orbital hybridizations between d orbitals of the extra Co and MOs of CoPc based on the principles of orbital symmetry matching, to understand the observed phenomena.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experiments were carried out with Omicron low temperature STM with a base pressure of 5 × 10 −11 Torr. The Au (111) surface was cleaned by cycles of 1000 eV Ar + ion sputtering and 650 K annealing. The sample was then transferred to the STM chamber and cooled to 5 K. CoPc molecules and Co atoms were separately evaporated onto the Au (111) surface by keeping the sample at 5 K. The chemically etched tungsten tip was cleaned by Ar + sputtering at 800 V for about 10 min. All the STM topographic images were measured at 5 K. The dI/dV spectra and maps were recorded with a lockin amplifier using a sinusoidal modulation of 5 mV and 500 Hz.
All the calculations were performed in the generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof 20 implemented with the Vienna ab initio simulation package (VASP). 21, 22 The van der Waals (vdW) correction scheme proposed by Dion et al. (vdW-DF) 23, 24 was used in the calculations, and it is expected to improve accuracy of our calculated geometric and electronic structures of the adsorption system. The projected augmented wave method 25, 26 with a plane-wave basis set was employed, and the planewave cutoff energy was set to 400 eV. In the calculations, we adopted a periodic slab model similar to the one described elsewhere 17 for the adsorption system. In our calculations, we do not include the reconstruction structure of Au (111) surface.
III. RESULTS AND DISCUSSION
Figure 1(a) shows a STM topography image of Co atoms and CoPc molecules separately adsorbed on Au (111) surface. As revealed in our previous study, 17 molecular plane of the adsorbed CoPc is parallel to Au (111) surface, resulting in C 4v point group of the adsorbed molecule. By pulling the CoPc molecules to the Co atom with the STM tip, 27 we can obtain two types of complexes, denoted as CoPc-Co() and CoPcCo(). The controllable manipulation sequences are shown in Figs. 1(b) and 1(c), respectively. From the topographic images, it is found that the CoPc-Co() complex is more symmetric than the CoPc-Co() complex, indicating that the co-adsorbed Co atom in the CoPc-Co() complex should be at an asymmetric site. Figures 1(d) and 1(e) present the optimized structural models of two complexes based on our DFT calculation: the co-adsorbed Co atom locates at a site close to the aza-N atom in CoPc-Co(), which breaks the symmetry of CoPc and then the constructed complex is of C 1 point group, while in CoPc-Co(), the co-adsorbed Co atom is just beneath a benzene lobe, and the point group of this complex is C S (=C 1h = C 1v ). According to our calculation, the complex CoPc-Co() is energetically less stable than the complex CoPc-Co() by about 0.19 eV. This is also confirmed by the manipulation experiment. By further rotating CoPc-Co() with the tip, we can transform CoPc-Co() into CoPc-Co(), while CoPc-Co() is very stable and can even be moved as a whole when it is manipulated by the tip. This experimental result suggests that the co-adsorbed Co atom should have a strong interaction with the benzene lobe in the complex CoPc-Co().
Since the atomic resolution of the Au (111) surface with the adsorbed molecules was difficult to be obtained, we were unable to determine the exact adsorption sites of the complexes from our experimental results. However, the orientations of molecules can be determined according to the direction of herringbone reconstruction of Au (111) • . These different orientations can be assigned to two types of symmetrically equivalent configurations, i.e., with one symmetry axis tilting from the 112 directions by 0
• or 15
• , by considering the 3-fold symmetry of the Au (111) surface and 4-fold symmetry of the CoPc molecule. The first type (tilting from the 112 directions by 0
• ) has a fraction of about 70% and the second type (tilting from the 112 directions by 15
• ) has a fraction of about 30% based on our statistical sample of several hundreds of individual adsorbed molecules. Quite similar adsorption behavior was found for CoPc on Si(111)-
7 Here, we adopt the dominant orientation type for the calculations of complexes and the adsorption site is hcp site which is the favorable adsorption site of CoPc on Au (111) surfaces according to our calculation. To compare the theoretical and experimental results, we have performed tests in the calculations for the second orientation type and other adsorption sites, i.e., the Co 2+ center locating at fcc, bridge, and top sites of Au (111) surface. The frontier orbitals do not show obvious difference among these adsorption configurations, which indicates that the differences in the electronic states among the pristine CoPc and the complexes are mainly from the interactions between the CoPc and the Co adatom but are not obviously affected by the exact adsorption sites and configurations on Au (111) surface. To further support this, we have measured the electronic properties of CoPc-Co() by manipulating it at different adsorption orientations and sites [ Fig. 1(f) ]. The obtained electronic properties show quite independence on the orientations and sites. The manipulation also indicates that in the case of CoPc-Co() complex, the position of the Co adatom may be more strongly dependent on the CoPc molecules than on the Au(111) substrate, which is consistent with the calculated results that the electronic properties of the complexes are not obviously affected by the exact adsorption sites and configurations. Since the CoPc-Co() is quite unstable, similar measurements were unavailable.
The site-dependent dI/dV spectra taken from these three systems, i.e., the pristine CoPc, CoPc-Co(), and CoPc-Co(), are displayed in Fig. 2 . The dI/dV spectra give a measure of local density of states (LDOS). 5 Our previous study showed that a free CoPc molecule has a singly unoccupied molecular orbital (SUMO) and a singly occupied molecular orbital (SOMO), and after the adsorption, the electron transferring from the Au substrate will occupy this SUMO so that the SUMO and SOMO will turn to be degenerate. 17 In this paper, we make assignments of the MOs of CoPc according to its electronic structure after adsorption, different from those used for the free molecule. In the pristine CoPc, the highest occupied molecular orbital (HOMO) lies at about −0.15 eV (spectrum 1), and it is almost localized at the central Co 2+ ion, as shown by the dI/dV map for HOMO in the inset of Fig. 2(a) . 28 The lowest unoccupied molecular orbital (LUMO) lies at about +1.2 eV (spectrum 2), with symmetrical distribution around the Pc aromatic macrocycle. The HOMO-1 and HOMO-2 at −0.4 eV and −0.6 eV, respectively, can be observed at both the central Co 2+ ion and the surrounding benzene lobes (spectra 1 and 2), indicating that these states spread over the whole molecule, even though the pattern at the central Co 2+ ion is less pronounced than that at the macrocycle in the dI/dV maps for HOMO-1 and HOMO-2. 28 Here, we use a constant current mode to measure the dI/dV maps. Some of previous studies showed that the constant current mode could bring artifacts relative to the variation of work function 29 or inverse contrast 30 in the dI/dV map in some cases. In the constant current mode, the tip responses to the current change and thus results in a nonconstant height when the tip scans over the molecule because of the change of the local electronic states. Here, due to the planar structure of CoPc, the height change of the tip may not be so significant to introduce obvious artifact. We observe that the obtained dI/dV maps may still qualitatively reflect the electronic states of the adsorbed CoPc in comparison with the simulated maps, which will be discussed below.
In comparison with the electronic states of the pristine CoPc, significant changes are observed for the complex CoPcCo(), as shown in Fig. 2(b) . Overall, the LDOS spatial distributions of the states at −0.7 eV and −1.0 eV are quite similar to the ones of HOMO-1 and HOMO-2 in the pristine CoPc. The states around −0.4 eV are obviously widened in the energy range, and they are mainly localized at the central Co 2+ ion, quite similar to the HOMO in the pristine CoPc. Therefore, these states should be derived from the HOMO, HOMO-1, and HOMO-2 of the pristine CoPc. The energy shifts are attributed to the orbital hybridization between the CoPc and the coadsorbed Co atom. [9] [10] [11] [12] [13] [14] [15] Meanwhile, two peaks are separately observed, lying at 0.7 eV and 1.1 eV, in spectra 4-6 for the complex CoPc-Co(). Their LDOS spatial distributions show a certain complementarity to each other, suggesting that the two peaks are mainly split from the degenerate LUMO of the pristine CoPc. It is noticed that the variations of LDOS spatial distributions of the LUMO due to the co-adsorbed Co atom are nonlocal.
On the other hand, the difference between the observed electronic states of the complex CoPc-Co() and those of the pristine CoPc is relatively small. As shown in Fig. 2(c) , the states around −1.0 eV are mainly distributed at the benzene lobe with the co-adsorbed Co atom underneath (spectrum 9 and the dI/dV map taken at −1.0 V). The states around −0.7 eV, −0.4 eV, and 1.2 eV correspondingly have similar patterns to the HOMO-2, HOMO-1, and LUMO in the pristine CoPc, as well as the similar peak positions, except for slight changes at the lobe with the co-adsorbed Co atom underneath and the reduction of difference between patterns of HOMO-2 and HOMO-1. The peak at zero bias in spectrum 9 can be attributed to the Kondo effect related to unpaired electron of the coadsorbed Co atom beneath the benzene lobe, which is similar to the Kondo effect of Co atom between two benzene molecules. 31 The main features of the dI/dV spectra taken at the central Co 2+ ion (spectrum 7) and other three benzene lobes (spectrum 8) just have slight changes in comparison with the pristine CoPc (spectra 1 and 2) . Overall, introducing the extra Co atom to a symmetric site, i.e., under a benzene lobe, mainly causes the local change of the electronic states and just slightly affects nonlocal characteristics of the electronic states.
To understand the experimental results, we have calculated projected density of states (PDOS) of three configurations, i.e., the pristine CoPc combinations of the central Co d x z (d y z ) orbital and the Pc macrocycle π-conjugated orbitals (peaks at −0.4 eV and 1.06 eV marked by the dashed lines), and the HOMO-2 to the π-conjugated orbitals of the Pc macrocycle (peak at −0.52 eV). The peak at −0.73 eV in the PDOS is found to be derived from combination of the central Co d x y orbital and the Pc macrocycle σ orbitals, which is also observed in our experiments and lies at −0.9 eV as a shoulder feature (marked as HOMO-3) in spectra 1 and 2 [ Fig. 2(a) ]. It is noted that the assignment of HOMO to the d z 2 orbital (peak at −0.2 eV) is not only due to their similar peak position but also because the d z 2 orbital orients perpendicular to the surface so that it should be much sensitive to be detected by the STM tip, 18 in accordance with the much pronounced peak at −0.15 eV in spectrum 1.
The with that in spectrum 1 [ Fig. 2(a) ] can be attributed to splitting of the d z 2 orbital of the central Co atom. The experimentally observed states at −1.0 eV and −0.7 eV [ Fig. 2(b) ] can also be correspondingly assigned to the orbitals around −1.0 eV and −0.58 eV in the calculated PDOS [see Fig. 3(b) ], respectively, although the peak at −1.0 eV in the PDOS is not obvious enough because of the existence of the peak corresponding to HOMO-3 around −0.9 eV. Figure 3(d) shows the calculated PDOS of CoPc in CoPc-Co()/Au. The energy shift and splitting of MOs in CoPc-Co()/Au are much smaller than those in CoPc-Co()/Au. The main features of PDOS of CoPc in CoPc-Co()/Au keep nearly the same as those in the pristine CoPc/Au, except an additional peak appeared at −1.14 eV [marked in Fig. 3(d) ], which corresponds to the experimentally observed localized states at −1.0 eV [ Fig. 2(c) ]. It is also noticed that there exist some peaks at slightly positive energy relative to the Fermi energy in the PDOS of three systems. By analyzing the spatial distribution of these weak states, we found that these states come from the hybridization between the molecular orbitals of CoPc and Au substrate (and/or the co-adsorbed Co atom), and they have very small component from the molecule and are mainly localized at the Au atoms and the Co adatom, which are lower than the CoPc molecular plane and difficult to be resolved in the experiment.
We further simulated the dI/dV maps and the results are given in The simulations were performed according to the TesoffHamann method 32, 33 at the height of 4.5 Å from the molecular plane. It is seen that the main features in the experimental dI/dV maps can be described by the simulated results. The relatively high intensities between the lobes of the CoPc in the experimental dI/dV maps of LUMO [Figs. 2(a) and 2(c)] are well comparable with the simulated ones. These features could be mainly from the degenerate orbitals of LUMO, which include strong components of the aza-N atoms and the neighboring C atoms between two adjacent lobes. However, the difference in contrast still exists between the experimental and the simulated results. For example, in the simulated maps for the LUMO of pristine CoPc and for the state of CoPcCo() at −1.14 eV, the much strong intensities at central Co The difference can also be found in the HOMO-1 for all of the three adsorption configurations. Such contrast differences may be indeed introduced by the constant current mode that we used in the experiment. Our simulations of dI/dV maps are based on the constant height mode, different from the constant current mode in the measurements, which may explain the differences of certain subtle features between the experimental and the simulated results. Even though the different modes are used in the measurements and the simulations, the main features in most cases are quite comparable. Therefore, we believe that our experimental results should reflect the electronic distributions of CoPc and two complexes and are qualitatively supported by the calculations.
The above analyses based on the calculated PDOS of CoPc-Co()/Au and CoPc-Co()/Au have shown how the coadsorbed Co atom affects the orbitals of Pc macrocycle and central Co atom of a pristine CoPc with site-dependence, which can qualitatively explain the experimental observations. The remaining question is what causes the differences between the MOs-related electronic structures of CoPc-Co()/Au and CoPc-Co()/Au, especially why the MOs of CoPc receive so slight perturbation in the case of CoPc-Co()/Au. It is wellknown that the electronic structure of a system consisting of two subsystems can be understood by employing orbital hybridization between two subsystems based on the MO theory, in which the principle of orbital symmetry matching plays important role. In the case of CoPc-Co()/Au, the coadsorbed Co atom stays at the site close to aza-N atom of CoPc Fig. 3(c), lower panel] . The orbital hybridization results in anti-bonding and bonding states with shifted eigen-energies that compose the electronic structure of complex CoPc-Co(), so the anti-bonding or bonding states with dominant components contributed by the MOs of CoPc look like the orbitals generated by simply shifting these MOs. Moreover, in this case, the co-adsorbed Co atom breaks the molecular symmetry, leading to the splitting of degenerate LUMO that consists of two orbitals distributed along two axes, respectively [ Fig. 3(b) ]. This is also responsible for the nonlocal variations of the LUMO observed in our experiments. The situation in the case of CoPc-Co()/Au is different. Since the co-adsorbed Co atom locates underneath one benzene lobe of CoPc, the complex has a higher symmetry, i.e., C S point group, which includes a σ h symmetry operation (with mirror plane across the central Co, the co-adsorbed Co, and the benzene lobe center), resulting in the existence of some d-MO combinations in which the symmetry (according to the mirror plane of σ h ) of the d orbital of the Co adatom is opposite to one of the CoPc MOs. In addition, the local symmetries around the benzene lobe adsorbed with Co atom can also bring other local symmetry operations, and there exist also some related d-MO combinations with opposite orbital symmetries. Hence, the symmetry matching of many d-MO combinations with opposite orbital symmetries with respect to the symmetry operations is not fulfilled, so that the orbital hybridizations for these d-MO combinations almost turn to zero. For instance, the d z 2 orbital of the adsorbed Co has very slight hybridization with the HOMO-1, HOMO-2, and LUMO because of their different orbital symmetries with respect to some specific symmetry operations. So, the hybridization is overall restrained in CoPc-Co()/Au, and then, no obvious energy shifting occurs in the case of CoPc-Co()/Au. Of course, there still exist a little orbital hybridization because of the same orbital symmetries, such as the hybridization between the d x y orbital of the co-adsorbed Co atom and HOMO-2 of CoPc which results in the state at −1.14 eV [ Fig. 3(d) , lower panel]. This hybridization state could be assigned to the observed state at −1.0 eV in our experiment [see the inset dI/dV map at −1.0 eV in Fig. 2(c) ], which is relatively localized at the lobe with the adsorbed Co atom underneath. The observed similar patterns at −0.7 and −0.4 eV [insets in Fig. 2(c) ] can also be assigned to the hybridization between the specific d orbitals of the co-adsorbed Co atom and HOMO-1/HOMO-2 of CoPc. Despite these differences, the frontier orbitals of CoPc in the complex CoPc-Co()/Au are still quite similar to that in CoPc/Au (Figs. 2 and 3) .
IV. CONCLUSIONS
In summary, by positing an extra Co atom at different intramolecular sites of CoPc, the electronic states of single CoPc molecule can be modified at both energy and spatial scales with the nonlocal or local changes. The co-adsorbed atom at the site close to the aza-N atom, which breaks the symmetry of CoPc, brings significant variations of the electronic states of CoPc, especially energy shifting and nonlocal changes of MOs; but when it is at the locally symmetric site under the benzene lobe with better stability, only local characteristics of MOs are affected and there are just slight changes of the overall electronic states. The DFT calculations with related analyses employing the MO theory help us understand the phenomena in our experimental observations.
